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1.  INTRODUCTION 

The  advent  of  MOS  large-scale  Integration  (LSI)  has  focused 
considerable  research  activity  into  studying  the  compromises  involved  in 
efficient  integrated  circuit  design.  These  trade-offs  may  involve  circuit 
size,  device  parameters,  circuit  speed,  and  extra  processing  steps. 

Available  chip  size,  manufacturing  tolerance,  and  cost  place  upper  and 
lower  limits  on  the  range  each  of  these  can  take.  There  may  also  be  some 
concern  about  requiring  several  voltage  sources  or  complicated  clocking 
sequences  which  cannot  be  derived  on  the  chip. 

At  the  device  level  the  most  expensive  parameter  in  LSI  fabrication 
is  the  area.  Because  of  this,  manufacturing  technology  has  concentrated  its 
efforts  into  making  small  devices.  Circuit  speed  is  then  determined  by  the 
rate  at  which  these  small  devices  can  drive  their  capacitive  loads  (e.g.  the 
gate  of  another  MOS  transistor).  It  is  advantageous  to  study  new  circuit 
configurations  which  allow  small  MOS  devices  to  drive  large  capacitive  loads 
in  a short  time  interval.  These  circuits  may  then  be  used  as  clock  drivers, 
buffer  amplifiers,  or  perhaps  just  as  standard  circuit  elements. 

This  thesis  examines  two  circuits  suitable  for  driving  large 
capacitive  loads.  These  circuits  are  shown  in  Figure  1.1.  The  pull-up 
circuit  is  currently  in  use  and  promises  high  speed  operation  when  used 
with  clocks  of  several  phases.  The  source-follower  circuit,  however, 
utilizes  less  space  since  the  large  pull-up  capacitor  does  not  need  to 
be  integrated.  In  the  following  chapters  a description  of  the  model  used 
to  stimulate  these  circuits  is  given  along  with  derivations  of  pertinent 
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device  equations.  A discussion  of  the  pull-up  and  source-follower  circuits 
follow.  Included  in  these  discussions  are  a circuit  analysis,  formulation 
of  design  equations,  computer  simulation,  and  a discussion  of  the  results 
obtained.  The  results  of  the  two  circuits  are  then  compared  and  summarized. 


4 


2 . MODELS 

Figure  2.1  shows  the  schematic  diagram  of  a MOS  transistor  with 

the  more  important  associated  capacitors.  All  other  parasitic  capacitors 

are  neglected  since  they  contribute  approximately  only  10%  to  the  total 

capacitance  [ l] . C__  and  f are  the  junction  capacitances  associated  with 

DB  b B 

the  drain-body  and  source-body  diodes.  C and  C consist  of  gate  overlap 

uD  Gb 

capacitance  and  the  intrinsic  gate  MOS  capacitance.  C_„  is  the  gate-body 

GB 

(or  gate-substrate)  MOS  capacitance. 

In  order  to  increase  the  speed  of  MOS  circuits  without  increasing 

the  size  of  the  devices,  the  gate  capacitance  loads  must  be  made  smaller. 

This  is  currently  accomplished  by  using  self-aligning  gate  technology.  This 

technique  greatly  reduces  the  gate  overlap  and  other  constant  capacitances 

leaving  the  nonlinear  intrinsic  MOS  gate  capacitances  dominant.  The  variation 

of  C„„,  C„,  and  C as  a function  of  V__  for  a given  V^„  is  shown  in 
Gb  GD  G B GS  Ob 

Figure  2.2.  Modeling  these  capacitances  as  constant  capacitors  may  provide 
results  which  are  not  at  all  in  close  agreement  with  experimental  results. 

It  has  been  shown  that  dynamic  and  bootstrap  circuits  generally  require  a 
nonlinear  capacitor  model  while  static  circuit  simulation  can  usually  get 
accurate  results  with  constant  capacitors  [2]. 

SPICE  2 was  the  circuit  simulation  program  used  for  all  simulations. 
This  is  a nonlinear  analysis  program  which  uses  the  FET  model  of  Shichman 
and  Hodges  [3].  This  model,  shown  in  Figure  2.3,  includes  linear  ohmic 
contacts  at  the  drain  and  source,  diode  nonlinearity,  junction  capacitance 
nonlinearity  (varies  as  the  power  of  the  junction  voltage),  finite  output 
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Figure  2.2.  Nonlinearity  of  C , C , and  C 

Gd  GS  GD 


I 
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conductance  (channel-length  modulation),  body  effect  (variation  of  threshold 
voltage  with  a source-body  bias),  and  constant  capacitors  C„c,  C , and  C„„. 

bO  bD  CtD 

Since  SPICE  2 uses  a constant  gate  capacitor  model,  the  results  obtained  must 

be  interpreted  in  light  of  the  model  inaccuracy  described  above.  The 

variation  of  drain-source  current  with  respect  to  gate-drain  voltage  (V  ) and 

bD 

drain-source  voltage  (V  ) is  illustrated  in  Figure  2.4.  The  device  is 

DO 

assumed  to  be  symmetrical,  the  first  and  third  quadrants  being  images  of  one 
another.  Also  shown  are  the  different  regions  in  which  the  device  can 
operate.  This  becomes  important  when  considering  the  nonlinear  gate 
capacitances  discussed  previously. 

Simplified  equations  governing  the  variation  of  I with  V , 

Do  Go 

Vpg,  and  several  device  parameters  are  given  by  Equation  (2.1)  [4]. 
Nonsaturation  region: 


I _ -n  2X  M,  2(v  -V  ) - V )]  (1  +XV  ) 
DS  2 t U ' V GS  T;  DS'U''  DS' 
ox  I / 


- St2<VGS-VI)-VDS)](l+).VI)s). 


Saturation  region: 


^s  mT^[f  <vgS-vt)2<1+wds> 


= 3(VGS-VT)^(1+XVDS) 


(2.1b) 


where 
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Figure  2.4. 


Drain-source  characteristics  of  a MOS  transistor 
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= average  minority  carrier  surface  mobility  in  channel 

t = thickness  of  the  oxide  over  channel 

ox 

= permittivity  of  the  oxide 
l = channel  length  in  the  direction  of  current  flow 
W = width  of  channel 
voltage 


X = channel-length  modulation  parameter  (2.2) 

Since  device  geometries  can  be  precisely  controlled  during  fabrication,  it 
is  important  that  current  through  a device  is  proportional  to  the  device 

/w  \ 

geometry  I jl,  as  shown  in  Equation  (2.1).  The  diode  nonlinearity  is  given  by 


V_  = threshold 

u e / \ 
g _ n ox  / W 1 


2 t 


ox 


I 


D 


where 


kT 

q 


= bulk  junction  saturation  current 
~ .026  v at  room  temperature. 


The  variation  of  due  to  the  body  effect  is  given  by  Equation  (2.3). 


VT  = VT0  + V('/0  +VSB  (2,3) 

where  Vm  = threshold  voltage  at  VOD  = 0 
ru  bfi 

V = bulk  threshold  parameter 
0 = surface  potential. 

If  the  device  is  operated  in  its  reverse  characteristics,  then  in  the  above 
equations  replaces  VGS>  VDB  replaces  VgB,  VgD  replaces  VDg,  and  IgD 

replaces  lDg. 
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The  nonlinear  junction  capacitances  are  governed  by 


where  C___  = zero  bias  drain-body  junction  capacitance 
BDO 

C = zero  bias  source-body  junction  capacitance 
BSO 

0 = bulk  junction  potential. 

Device  parameters  vary  with  different  processing  techniques  and 
materials.  Typical  device  parameters  are 


0 = .7  v 
Y = 1.0 
X = . 1 


0B  - .7  v 
I ■ l.OX  10' 14  A 
RD  = 100  ohms 
RS  ■ 100  ohms. 


Typical  processing  parameters  for  doping  levels  between  1033  and  10^  cm 


are 


M>  ■ 500  cm  /V-sec 
n 


t - 1000  X - 10'5 


cm 


e = s e = (3 . 9) (8 .85 ' 10'1A)  = .345  pF/cm 
ox  r o 


i * w 
min  min 


.508 X 10"3  cm 


.2  mil 


I 
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Using  these  values  in  Equation  (2.2), 

3 = 8.63  X 10"6  jr  A/v2.  (2.4) 

C n (total  gate  capacitance  per  gate  area)  is  given  by 

Ua 

e 

f)V  9 9 

C.v  = —■  - 34.5  nF/cm  = .222  pF/mil  . (2.5) 

ux  cox 

2 

The  junction  capacitance  per  junction  area  can  vary  anywhere  from  9 nF/cm 

2 1 5 1 6 * 3 

to  30  nF/cm  depending  on  the  doping  density  (10  to  10  cm  ) . Since  the 

junction  area  (i.e.  the  drain  or  source  area)  is  typically  larger  than  the 

gate,  and  C were  estimated  to  be  equal  to  the  total  gate  capacitance. 

Relationships  between  £,  W,  0,  and  the  total  gate  capacitance 

(C  X Wl)  may  be  obtained  by  using  Equations  (2.4)  and  (2.5).  It  will  be 

vJA 

important  to  note  that  the  gate  capacitance  is  minimum  when  l * W * .2  mil. 

“6  2 

For  this  case  0 = 8.63 X 10  A/v  and  the  gate  capacitance  is  .009  pF. 


r 
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3.  PULL-UP  CIRCUIT 

A typical  pull-up  circuit^  for  driving  large  capacitive  loads  is 
shown  in  Figure  3 la.  The  body  of  each  device  is  connected  to  ground.  In 
order  to  obtain  a basic  understanding  of  the  circuit  behavior,  first  the 
circuit  is  analyzed  using  very  simple  models.  This  analysis  will  be  followed 
by  an  analysis  using  the  more  complete  model  described  in  Chapter  2 and 
computer  simulation.  The  following  assumptions  are  made  for  the  simplified 
circuit  analysis:  the  transmission  gate  transistor  M^,  is  small  compared 

to  the  driver  transistor  M , C > C , CD  > C , and  all  voltage  sources  are 
ideal  with  infinite  rise  times.  The  variation  of  the  threshold  voltage  due 
to  the  body  effect  is  approximated  by  AV„  = V'V  • Because  of  the  first 
assumption,  all  of  the  capacitors  of  can  be  neglected  since  they  are  much 
smaller  than  those  of  M^.  The  second  assumption  allows  the  drain  junction 

capacitor  of  to  be  neglected  since  it  is  in  parallel  with  C^.  The  other 

driver  junction  capacitor  can  also  be  neglected  since  it  is  shorted  to 

ground.  C and  C can  then  be  lumped  together  and  called  C„.  The 

Go  gb  g 

approxomate  circuit  is  shown  in  Figure  3.1b.  A typical  clocking  sequence 
and  corresponding  output  are  shown  in  Figure  3.2.  When  clock  0^  is  high 
(time  interval  A and  C),  the  data  is  transferred  to  the  driver  device 
and  either  charges  or  discharges  the  'memory'  capacitor  C . When  0.  is 

high  (time  interval  B or  D),  the  data  output  is  enabled  and  can  be  taken 

from  the  drain  of  M^.  This  circuit  is  an  inverting  circuit,  a logic  one 
input  (VIN  > VT>  produces  a logic  zero  output  (VQUT  < V,p).  A characteristic 
of  this  circuit  is  that  the  logic  zero  is  not  produced  until  sometime  after 


it  has  been  enabled. 


(a  ) 


4>  <P 

h <? 


(b) 

FP-5178 


Figure  3.1.  a.  Pull-up  circuit  with  all  capacitors  included 
b.  Approximate  circuit  to  be  analyzed 
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A.  Circuit  Analysis 

during  time  interval  A,  and  are  both  high  M^,  is  turned 

on  (i.e.  conducting)  if  V = V1  - V > V and  is  operating  either  in  the 

Gb  1 G 1 

saturation  or  nonsaturation  region  depending  on  whether  V = V - V is 

GD  1 IN 

less  than  or  greater  than  V^.  charges  essentially  C^,  + 0^  since  Cp  and 

Cp  are  very  large  in  comparison.  When  V^,  = turns  on  discharging 

(there  may  be  a small  negative  voltage  left  on  Cp  from  previous  circuit 
operation).  An  equivalent  model  for  the  circuit  during  this  time  interval 
is  given  in  Figure  3.3.  The  current  source  of  has  the  effect  of  keeping 
Cp+C  discharged  to  ground.  During  this  interval  V_  will  charge  up  to  V 
where 

when  Vr(VT+  %7v^)  > 

(3.1) 

|vl" (VT  + V Vf) , otherwise 

where  the  %\'V  term  is  due  to  the  body  effect. 

Between  intervals  A and  B clock  0^  goes  to  zero  which  turns  off 
Fij,  as  long  as  VT>  VjN>  and  are  all  greater  than  zero.  The  clock  0>7  goes 
high  in  this  interval.  The  jump  of  Q *-s  coupled  to  the  gate  and  drain 
of  Mp  through  capacitive  voltage  dividers.  The  change  in  the  gate  and  drain 
voltages  are  given  by 

A'Wr~v2<cp/<W>  <3-2a) 

neglecting  the  small  effects  of  C_  and  C , and 

G GD 

AVC  ~ ^out^GD^  " v2  ^GD^GD^G^  ' ^3>2b) 
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During  interval  B,  the  equivalent  model  is  shown  in  Figure  3.4.  The  current 

source  discharges  both  C.  and  C„ . Just  before  clock  0„  goes  high,  V„ = V„_ = VT 

as  given  by  Equation  (3.1).  Just  after  clock  goes  high  the  gate-source 

and  the  gate-drain  voltages  of  the  driver  jump  to  V = V + AV  and 

GIG 

V p = Vj  - AV^CC^/C^p)  where  Av^,  is  given  by  Equation  (3.2).  Since  is 

on  in  interval  B,  CT  discharges  while  AV  C = -AV  C . so  that  at  the  end  of 
L G G GD  GU 

interval  B V = V . From  these  equations  it  is  found  that  at  the  end  of 
GD  G 

interval  B V„  = V__  = VT . Thus  the  discharge  of  V_  just  counteracts  the 
initial  jump.  then  stays  on  during  the  duration  of  interval  B and 

reaches  the  nonsaturation  region  as  VQ  approaches  zero. 

The  0?  clock  discontinuity  from  interval  B to  interval  C are  again 
transferred  to  the  gate  and  drain  of  M . The  magnitude  of  the  jumps  are 
given  by  Equation  (3.2)  but  the  polarities  are  reversed,  forcing  into  its 
reverse  characteristics.  The  jump  tries  to  force  to  a large  negative 

value  but  the  magnitude  becomes  so  great  that  it  forward  biases  the  drain- 
body  diode  which  limits  its  excursion.  The  clock  0^  turns  on  M^,,  since 

V = V1  - 0 V , and  discharges  C„  and  the  CL^.C-.+C,  combination  to 

GD  II  G GD  r L 

ground.  As  soon  as  and  V^s  . VT>  turns  off.  If  is  still  negatively 

charged,  it  would  discharge  through  the  drain-body  pn  junction.  Above  -0.6v, 

the  discharge  through  the  diode  is  very  slow.  The  circuit  model  shown  in 

Figure  3.5  is  valid  for  this  time  interval. 

During  interval  D both  devices  are  held  off.  Both  VA  „ and  V 

uu  r g 

follow  the  clock  waveform  reduced  in  magnitude  by  the  appropriate  capacitive 

voltage  dividers  given  in  Equation  (3.2).  V = AV  and  V * +V  , 

G G 0 UT  G UT  D 


} 
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V. 


FP-S1B3 


Figure  3.6. 


Equivalent  model  during  time  interval  D 
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where  is  the  almost  constant  portion  of  the  negative  excursion  of  V . 
At  the  end  of  this  interval,  the  voltages  are  returned  to  their  original 
values . 


B.  Design  Equations 

A summary  of  circuit  operation  is  given  in  Figure  3.7.  Included 
are  simplified  models  for  each  interval  and  the  design  equations  which  are 
derived  here.  Using  the  simplified  model  for  intervals  A and  C it  is 
evident  that  for  a fast  response  must  be  large,  the  effective  resistance 
of  M,j,  must  be  small  (i.e.  must  be  large),  and  the  sum  of  the  gate  capaci- 
tances must  be  small.  Vj  may  be  made  large  by  choosing  so  that  the  first 
half  of  Equation  (3.1)  is  valid. 

During  interval  B,  the  current  source  of  the  simplified  model 
sees  Cp+C^  as  its  load.  For  a fast  discharge  in  this  interval  must  be 
large  and  C must  be  as  small  as  possible  (C  cannot  usually  be  arbitrarily 

f L 

chosen  since  it  is  a system  constraint). 

Cp  cannot  be  made  arbitrarily  small  because  V(:) ^ must  be  within  a 
threshold  voltage  of  V ^ during  interval  D (V^  represents  both  the  input 
variable  name  and  the  value  of  the  logic  one  level).  Using  the  fact  that 
VQUT  = AV0UT+VD  must  be  less  than  or  equal  to  VIN'VT  and  Equation  (3.2)  it 
is  found  that 


V -V  -V 

c >C  — — I — D 

P ~ L V - (V  -V  -V  ) ' 
2 IN  T VD' 


(3.7) 
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Equality  is  taken  in  order  to  satisfy  the  condition  given  for  interval  B. 

VD  cannot  generally  be  neglected  in  the  above  equation  since  it  is  typically 

of  comparable  size  to  V . A value  of  -0.5v  will  usually  be  close  enough. 

During  this  interval,  V will  also  make  a jump  given  by  Eruation  (3.2).  For 

proper  device  operation  this  jump  must  not  be  so  large  as  to  turn  the  device 

on  or  a diacharge  similar  to  interval  B will  result.  To  insure  that  this 

does  not  happen,  £V  *>•  V or,  solving  for  C through  Equation  (3.2), 

G T 0 

CC>C0DI:<V2/V<CP/<CP',CL»-11-  <3'8) 

The  conditions  set  forth  for  intervals  A and  C provide  motivation 

to  examine  the  smallest  capacitors  possible,  the  intrinsic  MOS  gate 

capacitances.  Reference  to  Figure  2.2  will  be  useful  to  the  following 

discussion  where  C = C +C  D.  The  design  equation  presented  in  interval 
G Go  Gd 

A is  automatically  satisfied  since  C +C  = C for  all  regions  of  operation. 

G GD  OX 

During  interval  B,  operates  in  the  saturation  and  nonsaturation  regions. 

During  the  initial  jump  due  to  clock  0O  going  high,  C becomes  nonzero  while 

C gets  smaller.  This  has  the  effect  of  increasing  the  jump  of  V allowing 
G GS 

more  current  to  flow  through  M^.  During  interval  D the  device  is  off.  In 
this  region  of  operation  C ~ 0 while  C ~ C fulfilling  Equation  (3.8). 

Thus  the  nonlinearity  of  these  capacitors  has  a tendency  to  increase  the 
speed  of  operation  in  each  interval.  These  capacitors  can  be  considered  as 
a type  of  voltage  variable  feedback  which  allows  small-  r devices  to  be  used 
to  achieve  a specified  operation  speed. 
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C.  Computer  Simulation 

The  circuit  simulation  included  the  effects  of  all  the  capacitors 
of  both  transistors.  All  the  gate  capacitors  of  M^,  were  considered  constant 
and  equal  to  the  maximum  value  of  C^.  This  can  be  considered  a worst  case 
value  since  larger  capacitors  correspond  to  slower  response.  Rise  times  of 
the  voltage  sources  were  10  nsec.  The  modeling  of  the  nonlinear  gate 
capacitances  as  linear  capacitors  by  the  simulation  program  must  be  examined 
for  validity  in  each  time  interval.  Intervals  A and  C will  be  accurate  if 

CGD  + CG  = C0X-  °Uring  interval  B>  0 < CCD  < * C0X  and  *C0X  < CG  < C0X' 

3 

Average  values  of  C *%C  and  C * t Cn  were  chosen.  These  averages  will 
(jL)  (JX  u ^ ux 

not  in  general  satisfy  Equation  (3.8)  and  results  obtained  for  interval  D 
will  not  generally  be  accurate. 

For  all  simulations  of  this  circuit  = 5v,  * 5v,  and 

= lOpF.  was  chosen  equal  to  instead  of  larger,  by  Equation  (3.4), 
to  illustrate  the  dependence  of  on  the  body  effect.  The  variables 
remaining  to  be  chosen  are  Cp,  3T,  3D>  V , and  is  not  a variable 

since  it  is  dependent  on  3.  The  relation  between  C and  0 can  be  found 

UA 

from  Equations  (2.4)  and  (2.5)  (where  C now  represents  the  total  gate 

UA 

capacitance  = .222pF  X Wf.) . Multiplying  these  two  equations  it  is  found 
that 

C(JX  - 766  X lO"6/0,  for  0 < 8.63  X 10'6,  W - .2  mil,  CQ  in  pF. 

(3.9a) 

Dividing  the  two  equations  yields 

Cnv  - 1030  X 0,  for  0 > 8.63  X lo'6,  l = .2  mil,  Cnv  in  pF.  (3.9b) 

UA  UA 
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Cp  and  are  related  by  Equation  (3.7).  It  is  desirable  for  V ^ 


to  be  a large 

standard 

value  such  as 

12v.  With  this  value  of  , Cp  is  found 

to  be  (V ~ - , 

■5v) 

7pF , 

V - • 5v 

Cp  6pF , 

> 

' ( 

II 

>H 

|^5pF, 

Vp  = 1.5v 

The  highest  frequency  of  circuit  operation  is  limited  by  the 
capacitive  discharge  of  interval  B-  Because  of  this,  the  performance  index 
chosen  to  evaluate  circuit  speed  was  the  time  involved  to  discharge  V() ^ to 
^ Vp  during  this  interval.  This  value  was  used  because  a true  logic  zero 
must  be  significantly  below  Vp  in  order  to  discharge  the  next  stage  in  a 
reasonable  length  of  time. 

If  Mp  is  made  larger  to  increase  the  rate  of  discharge,  then 
will  become  larger  as  shown  in  Equation  (3.9).  Mp  may  then  have  to  be 
increased  to  discharge  or  charge  C within  the  required  time.  If  M is 
made  too  large,  the  capacitors  associated  with  Mp  become  large  enough  to 
degrade  circuit  performance.  Figure  3.8  illustrates  how  the  discharge  time 
is  affected  by  the  ratio  B^/Pp  for  several  values  of  8^.  As  can  be  seen, 
a minimum  occurs  near  Bp  = 8.63  X 10  ^ , the  value  for  minimum  Mp  capacitance, 
and  is  relatively  insensitive  to  8^.  For  subsequent  simulations,  Bp  was 
chosen  to  be  this  value.  For  small  8^,  the  capacitances  of  Mp  become 
appreciable  and  degrade  performance  when  Mp  deviates  from  its  minimum 
capacitance  size.  The  nonlinearities  of  the  capacitances  of  Mp  may  then 
need  to  be  taken  into  account  and  may  alter  the  shape  of  the  curve. 


^ /3q-  50  xlO 
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It  is  expected  that  if  is  decreased  the  discharge  rate  will  be 

faster.  This  is  because  V becomes  greater  and  the  current  for  a given  V 

I Ob 

becomes  greater  as  shown  in  Equation  (2.1).  This  equation  also  shows  that 
a larger  device  (larger  0)  will  cause  a larger  current  to  flow.  These 
relationships  are  illustrated  in  Figure  3.9.  The  circuit  speed  is  limited  at 
the  fast  end  by  the  clock  rise  time.  The  response  of  = 1.5v  increases 
again  at  the  low  end  because  the  high  threshold  devices  cannot  drive  the 
large  C fast  enough.  The  V = .5v  and  V = lv  responses  cross  over  at 

Ua  1 1 

the  low  end  because  the  discharges  are  nearly  equal  but  the  lower  threshold 
device  must  discharge  VqUT  to  a lower  value.  From  this  figure  the  proper 
device  size  and  threshold  voltage  may  be  estimated  for  the  circuit  to  operate 
at  a certain  frequency. 

At  a 1 megahertz  clock  rate,  interval  B is  500  nsec  long.  If  it 

is  desirable  for  to  be  less  than  within  the  first  half  of  B,  then 

the  figure  shows  that  0Q  > 50.  Choosing  = lv,  for  illustration,  and  a 

slightly  larger  0^  of  86 . 3 X 10  ^ (W /l  = 10),  the  response  of  the  circuit  is 

shown  in  Figure  3.10.  As  discussed  previously,  this  solution  is  fairly 

accurate  except  for  interval  D where  V should  remain  near  zero.  The 

G 

device  parameters  used  for  this  example  are  the  same  as  those  given  in  the 

“6  2 

section  discussing  modeling.  For  M^,  since  0 ■ 8.63 X 10  A/v  , all  of  the 

associated  capacitors  were  set  to  -009pF.  For  C was  found  from 
Equation  (3.9b)  and  is  equal  to  ,09pF.  From  this  value  C„  was  chosen  to 

(j 

3 

be  Cqx  * .067pF  and  * k C = .023pF.  Typical  minimum  areas  of  small 

2 

transistors  such  as  M^,  are  2 mil  . Larger  transistors,  9uch  as  may  be 
2 

made  in  4 mil  . The  size  of  the  pull-up  capacitor  can  be  found  from 
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2 

Equation  (2.5).  Vi  m 6/. 222  = 27  mil  . Thus  for  this  typical  example,  the 

2 

circuit  size  is  of  the  order  of  33  mil  with  over  80%  of  the  area  taken  up 
by  the  pull-up  capacitor. 

D.  Discussion  of  Results 

The  major  disadvantage  of  this  circuit  is  due  to  the  forward 
biasing  of  the  drain-body  diode.  This  action  injects  minority  carriers 
into  the  substrate  which  may  cause  signal  degradation  due  to  the  NPN 
effect  [1].  This  can  be  effectively  eliminated  by  placing  a negative  bias 
on  the  substrate.  The  disadvantage  of  this,  however,  is  the  reduced  speed 
due  to  the  body  effect  and  the  requirement  of  an  extra  negative  voltage 
source.  The  body  effect  may  be  partially  overcome  by  decreasing  the  device 
threshold  voltage. 

Another  drawback  of  this  circuit  is  the  integration  of  the  large 

pull-up  capacitor.  From  the  example  presented  the  size  of  the  6pF  capacitor 

2 2 
is  W Xi  = 27  mil  while  the  size  of  the  largest  device  is  only  4 mil  . 

The  capacitor  is  almost  7 times  the  size  of  the  device  This  drawback  may 

be  partially  overcome  if  a material  with  higher  permittivity  is  used,  such 

as  silicon  nitride  (Si^N^-MNOS)  [5].  The  disadvantage  of  doing  this  is  the 

resulting  slower  speed  due  to  the  increased  C . 

UA 

It  is  desired  to  make  the  zero-level  pulse  of  interval  B as  small 
as  possible.  This  is  most  effectively  done  by  increasing  . If  it  is 
possible  to  lower  the  threshold  voltage  of  M while  leaving  all  the  other's 
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constant  (perhaps  through  ion  implantation),  then  higher  current  is 
available  for  the  interval  B discharge  while  the  high  level  pulse  of 
interval  D will  remain  within  the  desired  range  of  V . 

A pulse  is  needed  during  the  second  half  of  intervals  B and  D to 
provide  a data  enable  for  the  next  stage.  It  provides  a signal  to  the 
following  stages  that  is  stable, 

if  a clock  of  twice  the  frequency  of  <i> 

A possible  realization  of  the 
capacitor  Cp  is  given  in  reference  [6]. 


rhis  pulse  may  be  derived  on  the  chip 
is  provided. 

driver  device  and  the  pull-up 
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4.  SOURCE-FOLLOWER  CIRCUIT 

The  approximations  used  to  aid  in  the  analysis  of  the  pull-up 
circuit  are  also  assumed  for  the  analysis  of  the  source-follower  circuit. 

The  resulting  approximate  model  to  be  analyzed  is  shown  in  Figure  4.1.  A 
typical  clocking  sequence  and  corresponding  output  is  shown  in  Figure  4.2. 
When  clock  0^  is  high  (the  second  half  of  intervals  A and  C),  data  is 
transferred  to  the  gate  of  by  charging  the  gate  capacitances  of  MQ. 

When  clock  0O  goes  high  (intervals  B and  D),  is  turned  on  allowing  the 

data  to  be  taken  from  its  source.  This  circuit  is  noninverting  and  requires 
no  components  other  than  the  two  transistors. 


A.  Circuit  Analysis 

During  the  second  half  of  interval  A,  and  0^  are  both  high 

turning  on  M^,.  Assume  that  in  the  high  state  all  clock  ar.  input  voltages 

have  the  same  amplitude  . If  = V.  > V^,  and  = 0<  them  is 

operating  in  the  saturation  region.  As  the  series  combination  of  C and  C 

(j£>  L 

is  charged,  will  conduct  when  V = This  will  in  turn  drive 

V()^,  to  ground  from  its  previous  nonzero  value.  During  this  interval,  the 
equivalent  model  for  the  circuit  is  shown  in  Figure  4.3.  The  effect  of  the 
current  source  is  to  keep  C discharged.  V will  charge  up  to  V , where 
Vj  * Vl"^VT+  WVi),  when  M,j.  turns  off.  V may  be  solved  from  this  equation 
to  obtain 


V 


I 


V -v  + — 
vl  T 8 


i ’ 

-W‘ v1-vT 


(4.1) 
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FP " 9190 


Figure  4.3.  Equivalent  model  during  time  interval  A 
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Between  Intervals  A and  B,  0^  goes  low  turning  M^,  off 

(V  = -V  < 0<  V ).  The  discontinuity  of  clock  0O  going  high  is  coupled 
GS  XT  £ 

to  the  gate  and  source  of  by  the  capacitive  voltage  dividers 


aVGS~4VG~Vl<CGD/<CGB+CGS+CGD,) 


<4. 2a) 


4VOUT~  4vgs<ccs/<cl  + cgs»  = vi<cgd/cgb+cgs+cgd»<ccs/(cl+cgs»  <4'2b) 

During  time  interval  B the  equivalent  model  is  shown  in  Figure  4.4.  The 

current  source  charges  CT  , Cl  and  C__  while  discharging  C . At  the 

L GB  GD  Gd 

beginning  of  interval  B,  VGS  = Vj  +AV(;S  and  VGD  = V * V (CGS  + CGB)/CGD> 

where  AV  is  given  by  Equation  (4.2).  During  this  interval  charge  is 
Gb 

conserved  at  the  node  of  V requiring  AV_(C_D +C„,.)  = -AV„„C_„.  Utilizing 

G GU  Gd  GL)  Gb  Gb 

these  equations  it  can  be  found  that  at  any  given  Vn 


VGS  ■ vi+4vgs-vout(<cgb  + ccb)/<ccb+cgs+cgd»  <4'3a> 


VGD  ’ VI  ' AVGS^CGS +CGB)/CGD)  + ^UT^GS7  (CC,B +CGS +CGD^  (4-3b) 


.,/here  Av  is  given  by  Equation  (4.2).  These  equations  show  that  as  Vn 

Gb  U U X 

approaches  VGS  and  VGD  approach  Vj-Vj  (C^/  (CGB  +CGg  +0^) ) and  ^ 

reaches  the  nonsaturation  region.  Comparing  this  interval  with  the 

corresponding  interval  of  the  pull-up  circuit  is  it  evident  that  charge  is 

lost  through  C_D  making  this  circuit  inherently  slower. 

Gd 

The  02  clock  discontinuity  from  interval  B to  C are  again  transferred 
to  the  gate  and  source  of  The  magnitudes  of  the  jumps  are  given  by 

Equation  (4.2)  but  the  polarities  are  reversed.  The  model  which  is  valid 


during  this  interval  is  shown  in  Figure  4.5.  During  the  first  half  of  this 
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Figure  4.4.  Equivalent  model  during  time  interval  B 


39 


FP-MZ 


Figure  4.5.  Equivalent  model  during  time  interval  C 
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interval  M^,  is  off  while  the  current  source  of  discharges  C^.  During 

this  discharge,  charge  is  again  conserved  at  the  gate  of  and  as  V 

approaches  zero,  V and  V approach  V . During  the  time  clock  0„  is 
Gb  Ub  1 2. 

high,  Mp  operates  in  the  nonsaturation  region.  After  is  discharged, 

clock  0 is  allowed  to  go  high.  This  turns  M on  which  discharges  C , C , 

1 T GD  GS 

and  C„D.  As  soon  as  V„  =V_,  M is  turned  off  allowing  a small  negative 

Gd  GD  Gb  T D 

voltage  to  be  developed  across  C,  as  M continues  to  discharge  C until 

L T Gd 

V =0.  This  voltage  is  given  by  V where 
G D 


VD  * •VT<CCS/<CGS+CL»- 


During  interval  D both  devices  are  off  provided  that  the  jump  in 

0 does  not  cause  AV  to  exceed  V . V and  V follow  the  clock  waveform 
2.  Gb  T UUT  Gb 

reduced  in  magnitude  by  the  capacitive  voltage  dividers  given  in  Equation  (4.2) 

where  VQUT  = Av0Ut+Vd  and  VGS  = AVGS’VD‘  After  ^2  8°eS  1oW’  the  volta8es 
are  returned  to  their  original  values 


B-  Design  Equations 

A summary  of  circuit  operation  during  each  interval  is  shown  in 
Figure  4 7.  Included  are  simplified  models  for  each  interval  and  the  design 
equations  which  are  derived  here.  Using  the  simplified  model  for  intervals 
A and  C,  it  is  evident  that  for  a fast  response  the  effective  resistance  of 
Mt  must  be  small  (i.e.  Mj,  must  be  large),  and  the  sum  of  the  gate  capacitance 
must  be  small  However,  the  time  constants  are  so  small  in  these  intervals 
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Figure  4.6.  Equivalent  model  during  time  interval  D 
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compared  to  interval  B that  these  parameters  are  not  critical  in  determining 
the  speed  of  the  circuit. 

During  interval  B,  a large  My  will  charge  quickly.  It  was  found 

previously  that  during  this  interval  V__  droops  by  V.  (C„D)/ (C„„+C  ,,+C,^)  as 

Gb  1 Gd  Gd  Gb  G U 

V( approaches  ■ To  minimize  this  droop,  and  keep  the  current  through 

large,  C„D  must  be  small  in  comparison  to  C„_  and  c„„.  Also  during  this 
GB  GS  GD 

interval,  the  effective  threshold  voltage  increases  because  of  the  rising 
source  voltage  and  the  body  effect.  This  together  with  the  V droop  is  the 
main  factor  involved  in  limiting  circuit  speed.  Utilizing  Equations  (4.1), 
(4.2),  and  (4.3),  it  can  be  found  that  for  VGS  > VT  + ^^0UT  when  VQUT  = 

(i.e.  has  not  turned  off  when  the  desired  output  is  reached),  then 
Equation  (4.4)  must  be  satisfied. 


V1  -CCB/(CCS+<:CD+CCB,J  4 I - VT[1  +CCS/<CGs'M:cO-M:CB>1  *VY'4  <4-4> 


To  gain  some  insight  into  the  restrictions  placed  by  the  above  equation,  an 

example  is  graphed  in  Figure  4.8  as  the  V„_  curve.  For  this  example 

Tmax 

ggb/(cgs4Cgd'k;gb)  = l and  cgs/(cgs'k:gd+cgb)  = 12:  the  reasons  for  using 

these  ratios  will  become  clear  in  the  next  section.  The  region  of  proper 
operations  is  in  the  lower  right-hand  portion. 

During  interval  D it  is  required  that  the  jump  of  V c not  be  large 

Gb 

enough  to  turn  M on.  Using  Equation  (4.2),  where  V = Av  < V , and 
u Gb  Gb  I 

neglecting  Vy,  My  will  stay  off  if 

CCD<  <CGB4CGS)/<V1/VT-1>- 


(4.5) 
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The  analysis  of  the  pull-up  circuit  provides  motivation  to  study 

the  effects  of  the  nonlinear  MOS  gate  capacitances  in  this  circuit.  The 

requirements  of  interval  A are  satisfied  since  C__+C„T)+C„T.  = C„v  for  all 

Gb  Od  GD  UX 

regions  of  operation.  During  interval  B,  operates  in  the  saturation  and 

nonsaturation  regions.  In  these  regions  of  operation  C„_  is  very  small  while 

Gb 

C„_  becomes  larger.  This  not  only  has  the  tendency  to  reduce  the  V droop 
GD  Gb 

but  also  increases  the  initial  positive-going  V jump.  These  both  have  the 

Go 

effect  of  increasing  the  logic-one  rise  time  of  interval  B.  In  interval  D 

the  device  is  off.  In  this  region  of  operation  ~ C_v  while  C _ ~ ~ 0 

CrD  OX  GS  GD 

satisfying  Equation  (4.5).  Thus,  just  as  in  the  pull-up  circuit,  the  effect 
of  the  nonlinear  gate  capacitances  is  to  increase  the  overall  speed  of 
operation . 


C.  Computer  Simulation 

For  proper  circuit  comparisons,  the  initial  approximations  used  in 

the  simulation  of  the  pull-up  circuit  are  also  assumed  here.  The  capacitances 

of  M„  were  assumed  constant  and  equal  to  C . The  voltage  source  rise  times 
1 ux 

were  10  nsec.  The  effects  of  modeling  the  nonlinear  gate  capacitances  as 

linear  capacitors  must  again  be  examined  interval  by  interval.  During 

intervals  A and  C the  model  will  provide  accurate  results  if  C„„+C„r.+C_0  •= 

GB  GD  Gb  UX 

During  interval  B,  0<C^<\  CQX>  0 - < j CQX,  and  ± CQX  < CG£.  < f C^. 

Average  values  of  CGB  - £ CQX,  = £ C^,  and  CGS  = ^ CQX  were  chosen. 

These  values  will  not  generally  satisfy  Equation  (A. 5)  and  will  give  false 
results  for  interval  D.  During  this  interval  V and  V should  remain 

our  gs 
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close  to  the  respective  previous  values  since  C - 0 in  Equation  (4.2) 

GD 

The  remaining  variables  that  need  to  be  chosen  are  V , V , 5 and  9 . 

i r d t 

An  important  parameter  in  the  operation  of  this  circuit  is  the 

logic-one  level  pulse  height  of  interval  B.  It  may  not  reach  Vj  during  this 

interval  since  the  effective  threshold  voltage  is  increasing  and  V is 

Gb 

decreasing.  Although  the  device  may  not  turn  off,  the  current  can  become 

so  small  that  V_„_  changes  very  little  over  the  remaining  portion  of  time 

our 

Figure  4.8  shows  limiting  values  of  V and  V,  for  V to  reach  within  a 

1 I OuT 

threshold  voltage  of  the  final  value  (V ( — V^,)  in  less  than  500  nsec.  This 
length  of  time  was  chosen  because  for  the  device  sizes  of  interest, 
changed  very  little  after  this.  The  safe  portion  of  the  graph  to  operate 
in  is  below  the  curve  of  proper  0^ . As  can  be  seen,  should  be  chosen 
considerably  less  than  the  maximum  found  earlier  in  order  to  achieve  a 
reasonable  rise  time. 

The  interval  limiting  the  total  circuit  speed  is  interval  B.  The 
performance  index  chosen  to  evaluate  total  circuit,  speed  was  the  time  , 
needed  to  rise  to  V -V,^,  in  interval  B.  The  variation  of  the  charging  time 
with  respect  to  the  ratio  0.y9  is  shown  in  Figure  4.9.  For  these  simula- 
tions = 5v  and  iy,=  .5v.  When  the  ratio  is  small,  the  capacitors  associated 
with  FL  become  comparative  in  size  to  C„v  making  the  V*  droop  of  interval  B 
more  pronounced.  For  large  ratios,  response  is  limited  by  two  factors.  For 
large  9^,  M,^.  becomes  too  small  to  charge  the  gate  capacitances  of  FL  in  the 
required  time  For  small  0^,  the  capacitors  of  F1rf  are  no  longer  negligible 
and  degrade  circuit  performance.  For  this  case  the  nonlinear  effects  of  the 
gate  capacitance  may  have  to  be  taken  into  account  for  more  accurate  results. 
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From  this  graph  the  optimum  value  of  0^  is  chosen  to  be  max{8.63x  10  ^ , 0^/50}. 

This  value  of  0r^,  was  used  for  all  other  simulations. 

The  variation  of  the  charging  time  in  interval  B in  relation  to  0^ 

is  illustrated  in  Figure  4.10  for  several  (V^  = 5v).  The  response  is 

limited  at  the  fast  end  by  the  clock  rise  time  and  increases  as  0^  decreases. 

This  circuit  is  much  more  sensitive  to  threshold  voltage  changes  than  the 

pull-up  circuit.  This  is  due  to  the  dependence  of  the  rise  time  in  interval  B 

on  and  the  body  effect.  From  this  curve  the  proper  device  size  can  be 

found  for  the  circuit  to  operate  a<"  a specific  frequency. 

As  an  example,  let  the  desired  clock  frequency  be  1 megahertz. 

Then  if  it  is  desired  that  be  within  a threshold  voltage  of  its  final 

value  within  107,  of  the  clock  period  (100  nsec),  then  0^  = 325  X 10  ^ (W H = 

37.5).  The  corresponding  output  is  shown  in  Figure  4.11.  As  discussed 

previously,  this  output  is  valid  for  all  intervals  except  D.  During  this 

interval  V and  V are  expected  to  remain  near  ground. 

UU  X Go 


D.  Discussion  of  Results 

As  is  typical  of  most  MOS  circuits,  this  circuit  will  operate 
faster  with  a higher  power  supply  voltage  . This  will  also  allow  devices 
with  higher  threshold  voltages  to  be  used. 

2 

The  small  transmission  gate  transistor  may  be  as  small  as  2 mil  . 
Using  mil  as  the  smallest  device  length  and  finding  the  width  of  from 
the  required  w/£  ratio  (W  = 7.5  mil  from  the  example  cited),  a typical  driver 


Changing  Time  (nsec) 


Figure  4.10. 
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device  size  will  be  on  the  order  of  10  mil  . The  total  circuit  area, 

2 

neglecting  interconnections,  will  be  close  to  12  mil  . 

A disadvantage  of  this  circuit  is  the  gap  required  between  the  logic 

one  levels  of  the  two  clocks.  From  interval  C of  Figure  4.11  it  can  be  seen 

that  this  gap  can  be  made  quite  small  (~ 50  nsec)  in  order  to  fully  discharge 

. This  gap  may  be  eliminated  if  devices  and  capacitors  of  correct  sizes  are 

used  so  that,  during  interval  C,  as  discharges  the  gate  capacitances  of  M^, 

turning  it  off,  has  discharged  C^.  Initial  inspection  reveals  that  and 

C may  be  increased  to  aid  in  this,  but  care  must  be  taken  so  that  the  device 
GD 

does  not  turn  on  during  interval  D because  of  these  changes. 
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5 . SUMMARY 

In  this  thesis  two  circuits  are  presented  capable  of  driving  large 
capacitive  loads.  These  circuits  are  suitable  for  dynamic  operation  and 
utilize  the  nonlinear  gate  capacitances  to  allow  small  devices  to  drive 
loads  larger  than  normal.  Both  circuits  are  capable  of  operating  at 
frequencies  above  several  megahertz  for  a load  capacitance  less  than  or  equal 
to  lOpF. 

The  pull-up  circuit  uses  devices  of  standard  threshold  voltage 

levels  but  requires  a large  voltage  clock  for  a reasonably  sized  capacitor 

to  be  integrated.  Another  voltage  source  may  be  required  as  a substrate  bias 

to  eliminate  the  NPN  effect.  A clock  of  twice  the  normal  operating  frequency 

is  required  to  derive  a data  enable  signal  for  the  following  stages.  In  the 

typical  example  operating  at  1 megahertz  cited,  the  total  circuit  size  was 

2 

approximately  33  mil  . 

The  source-follower  is  inherently  a slower  circuit  due  to  the  body 
effect.  It  requires  devices  of  low  threshold  voltages  if  low  supply  voltages 
are  to  be  used.  This  circuit  also  requires  clocks  with  gaps  between  the 
respective  logic-one  levels  to  allow  for  a fast  two  stage  discharge  (interval 

C).  In  the  example  cited,  the  devices  are  larger  than  the  pull-up  circuit 

2 

devices  but  the  total  circuit  size  is  approximately  only  12  mil  . This  is 
approximately  y the  size  of  the  pull-up  circuit. 


I 
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